1998). Third, in the olfactory system, the septum has developing axons toward their correct targets by prealso been shown to be able to repel axons of mitral venting them from entering or steering them away and tufted neurons (Pini, 1993). Although the molecular from certain regions. Genetic studies in Drosophila identity of this chemorepulsive factor remains unidentirevealed a novel repulsive guidance system that prefied, it is not thought to be due to a secreted Semaphorin vents inappropriate axons from crossing the CNS midor to Netrin-1 (F. deCastro, C. S., and A. C., submitted; line; this repulsive system is mediated by the Roundsee Discussion). 
previous studies had indicated that chemorepulsion might play a role in patterning projections in these re-C. S., and A. C., submitted). Here, we report that in both the olfactory system and the hippocampus, Robo and Slit are expressed to a large extent in complementary patterns. We then go on to present in vitro evidence for a repulsive action of hSlit2 on axons of the olfactory bulb (OB) and hippocampus. These findings demonstrate that Slit, in addition to being able to repel spinal motor axons, can also repel forebrain axons and thus further confirm that the functions of diffusible guidance molecules are largely conserved throughout the nervous system.
Results

Expression Patterns of Slits and Robos
To determine the potential role of Robo and Slit family members in mediating axon pathfinding in the forebrain, we first examined the expression patterns of Robo1, Robo2, Slit1, and Slit2 mRNAs in the developing telencephalon at the time olfactory and hippocampal projections are forming, around the end of the second week of gestation. These studies were conducted in both rat and mouse, but for simplicity we present only the data from rat (see Figure 7) . Expression patterns of all four genes were found to be similar in mouse embryos (data not shown).
In the rat olfactory system, fibers begin to leave the OB by E14, and by E15 the LOT is clearly formed (Pini, 1993 ; Ló pez-Mascaraque et al., 1996). OB axons project ipsilaterally, never cross the midline, and avoid the septal area. In vitro, the septum has been shown to repel olfactory tract axons (Pini, 1993) . Interestingly, we find that as early as E12, Slit2, but not Slit1, is highly expressed in the midline of the telencephalon, including the region of the presumptive septum ( Figures 1A and  1B) . By E14 and continuing until at least E18, both Slit1 and Slit2 are expressed by the septum ( Figures 1C, 1D , 1G, and 1H). At these stages, mitral cells and tufted cells of the OB express high levels of Robo2 mRNA ( Figure  1F ), while Robo1 is almost undetectable ( Figure 1E ). During this time period, Slit1 is also found in a subset postnatally; however, a DG primordium can clearly be observed by E16 in the mouse (see Figure 5A) , and some DG neurons, including granule cells, become postmitotic be detected throughout the hippocampus proper and presubiculum ( Figure 2F ). At E20, both Robo1 and at embryonic stages (Bayer, 1980; Altman and Bayer, 1990) .
Robo2 are expressed in the hippocampus in relatively similar structures, with Robo1 at a higher level, but only In the rat, Robo and Slit mRNAs are highly expressed in the developing hippocampal formation. From E12-Robo1 is found in the dentate granule cell layer (see Figures 3A and 3B) . Interestingly, Robo2 is also ex-E13, Slit2 can be detected in the so-called "cortical hem" (Grove et al., 1998), a neuroepithelial structure that forms pressed by Cajal-Retzius cells, which have been shown to have a role in guiding the entorhinal cortex projections a boundary between the hippocampus, the most medial part of the cerebral cortex, and the telencephalic choroid (Del Rio et al., 1997; Figure 3B ). At this stage, both Robo genes are expressed in the entorhinal cortex and plexus (Figure 2A ). This expression persists until at least E15, when it can also be observed in the entorhinal neocortex (data not shown), but they remain confined to distinct and complementary layers: Robo1 mRNA is cortex ( Figure 2B ). At E18, Slit2 mRNA is found in the DG, in a portion of the CA3 subfield, and in the entorhinal found in neurons of the cortical plate and marginal zone, while Robo2 is localized to the intermediate zone. By cortex but is not present in the neocortex (see Figure  2D ). Slit2 is also detectable in the choroid plexuses and P3, the expression patterns of Robo1 and Robo2 have changed, such that Robo1 expression has now disapin cells lining the telencephalic ventricles ( Figure 2D ). Slit1, Robo1, or Robo2 cannot be observed in the hippopeared from the subiculum ( Figure 3C ) and Robo2 expression has increased in the subiculum. In addition, at campal formation until E14 (data not shown), and by E18 Slit1 is found at the level of the hippocampal plate, P3 both genes are also expressed in the Ammon horn pyramidal cell layer and in the hilus. Moreover, Robo1 in the presumptive pyramidal cells of the Ammon horn, and in most of the other hippocampal-related structures, expression is maintained at a low level in the DG granule cell layer ( Figure 3C ), and Robo2 expression persists in with the exception of the DG ( Figure 2C ). In contrast to Slit2, Slit1 expression is strong in the neocortex, where Cajal-Retzius cells ( Figure 3D ). Thus, although there is some overlap, Slit and Robo expression patterns in the it is largely restricted to the cortical plate ( Figure 2C ). By P3, Slit1 was expressed almost exclusively in CA3 developing hippocampus are to a large extent complementary. and in the subiculum (Figure 2E ), while Slit2 can still 
Slit2 Repels OB and DG Axons
and telencephalic midline (see above). Since it has been shown previously that COS cells secreting hSlit2 can When cultured in a three-dimensional collagen gel matrix, E14 rat OB axons can be repelled by a diffusible repel spinal motor axons (Brose et al., 1999), we tested whether Slit2 can also act as a repulsive molecule in factor released by the septum (Pini, 1993) . At that stage, mitral cells in the OB express Robo2, while its ligand the olfactory system by culturing E14-E15 OB explants with aggregates of hSlit2-expressing cells. We found Slit2 and putative ligand Slit1 are found in the septum that when cultured either directly adjacent to or at a distance (up to 200 m) from control COS cells, axons extend from all OB explants in a radial pattern (n ϭ 39; Figure 4A and Table 1 ). In contrast, axons from 98% of OB explants cultured at a distance from COS cells secreting hSlit2 are repelled (n ϭ 53; Figure 4B and Table 1 ). In addition, in the distal quadrant, both the number of OB neurite bundles and the area covered by OB neurites were significantly larger than in the proximal quadrant, facing hSlit2-expressing cells (see Tables 2  and 3 ). As early as 18-24 hr in culture, an asymmetric pattern of outgrowth can be observed, with far fewer axons in the quadrant proximal to the cell aggregate. This repulsive effect lasts until at least 36-48 hr in culture. At these later time points, only a few axons can be observed in the proximal quadrant, but most axons are clearly directed away from the hSlit2-expressing cells ( Figure 4C ). Explants were not cultured for more 
Explants were labeled using anti-␤-tubulin antibodies. Cocultures Explants from OB or DG were cultured on a poly-Llysine/laminin substrate. After a day in culture, individual and Table 1 ). In contrast, in 93% of the explants cultured with COS cells expressing hSlit2, axons preferentially axons extending from these explants could be observed ( Figure 6E ). Membrane extracts prepared from hSlit2-grow away from the cell aggregates ( Figures 5C and 5D and Table 1 ). Repulsion could be observed after 24 hr expressing COS cells or control COS cells were applied to the OB and DG cultures for 1-2 hr. Cultures were ( Figure 5C ) and was maintained for one more day in vitro ( Figure 5D ). In addition, in the distal quadrant, both fixed and collapsed growth cones, identified by a lack of lamellipodia and filopodia ( Figure 6G ), were quantified the number of DG neurite bundles and the area covered by DG neurites were significantly larger than in the proxiin blinded experiments. Four independent experiments gave similar results. Application of hSlit2 membrane exmal quadrant, facing hSlit2-expressing cells (see Tables  2 and 3 ). This demonstrates that Slit2 is also a chemoretracts to OB growth cones resulted in a marked (54.7% Ϯ 3.7%, n ϭ 520) and significant (p ϭ 0.0001) increase pellent molecule for DG axons. It will be interesting to study Slit1 function using similar assays, but we do not in percentages of axons with collapsed growth cones compared with addition of control membranes (16% Ϯ have Slit1 expression constructs yet. 3%, n ϭ 636; see Figures 6C, 6F, and 6G). hSlit2 membranes can also induce collapse of 58% Ϯ 5% of DG Membrane-Associated Slit2 Induces Collapse of OB Axon Growth Cones growth cones (n ϭ 450), although in this case the difference between hSlit2 and control membranes (33% Ϯ Semaphorins function as chemorepellents when presented chronically to growth cones but induce growth 4% of collapse, n ϭ 363) is less significant (p Ͻ 0.01) than for OB growth cones ( Figure 6D ). cone collapse when presented acutely. Since hSlit2 can repel axons of a variety of classes of neurons, we next Western blots of membrane extracts (see Experimental Procedures) revealed that the hSlit2-containing memexamined whether hSlit2, like Semaphorins, could induce growth cone collapse. We chose to use membrane extracts consist primarily of the full-length and N-terminal cleavage fragments, with most, if not all, of branes from hSlit2-expressing cells, rather than supernatants or purified proteins, for several reasons. First, the C-terminal cleavage fragment presumably being lost either alone or in conjunction with unknown accessory proteins, remains unclear and will require functionblocking reagents. However, it is clear that these activiChemorepulsion and the Development of the Lateral Olfactory Tract ties are independent of Robo1, since Robo1 is not detected in the developing OB. It is also possible that Slit1, The LOT, at the stages studied here (E14-E15), consists almost entirely of the axons of mitral cells (Bayer, 1983) .
which is also expressed in the embryonic septum, albeit somewhat later than Slit2, may also contribute to the In vitro, these axons are known to respond to at least septal-repulsive activity. Slit1, in conjunction with Sema distal segment (Amaral and Witter, 1995; Figure 7C ). Therefore, Slit2 produced by entorhinal axons could IV (see above) may also be a good candidate for mediating the repulsive effect of neocortical tissues on LOT block the invasion of the upper dendritic segment by mossy fibers. We also found robust expression of Slit2 axons, since it is highly expressed in the cortical plate.
It is not yet known whether Slit1 binds either Robo1
mRNA in CA3 pyramidal neurons. An heterogeneous distribution of Slit2 on the surface of pyramidal cell denor Robo2, whether it is proteolytically processed, and whether it too has repulsive and collapse-inducing activdrites could also participate in the dendritic segregation of mossy fiber afferents. In contrast with other hippoities.
During embryonic development, a seemingly simple campal projection neurons in CA1 and CA3, mossy fibers never cross the telencephalic midline, which exaxon tract like the LOT is influenced by a variety of guidance molecules, including both long-range signals, presses high levels of Slit2 mRNA from very early stages. These results suggests that Slit2 may have a similar such as Slits and Semaphorins, and short-range cues. For instance, a string of cells in the telencephalon that function in pushing noncommissural axons away from the midline of the forebrain, as has been proposed for appear to be followed by growing LOT axons transiently express the LOT-1 antigen, leading to the suggestion Robo and Slit at the Drosophila ventral midline . that these cells may act as guidepost cells (Sato et al., 1998) . In addition to the repulsive effect of hSlit2
Whether the effects observed for Slit2 in our assays are mediated by either Robo1 or Robo2 remains to be described here, two secreted Semaphorins, Sema A and Sema IV, can also orient LOT axons in vitro: Sema IV determined. In addition, the identities of the axon populations repelled in our assay are not clear. Nevertheless, repels them, while Sema A appears to attract them (F. deCastro, C.S., and A.C., submitted). Thus, the forsince 20% of the dentate granule cells arise prenatally (from E16 in the rat; Bayer, 1980; Altman and Bayer, mation of the LOT, similar to many guidance events in the embryo (Tessier-Lavigne and Goodman, 1996), is 1990), it is possible that the majority of the fibers repelled by Slit2 in our assay are mossy fibers. Robo1 mRNA is likely to rely on multiple overlapping cues. Dissecting which, if any, of these cues are required in vivo will detected at low levels in the granule cell layer, suggesting that in this case, Robo1 may be the receptor probably not be an easy task and might require the generation of multiple knockout combinations. (Table 2 ). In addition, the average The hem of the embryonic cerebral cortex is defined by the expresnumber of the neuritic bundles in each quadrant was measured sion of multiple Wnt genes and is compromised in Gli3-deficient ( 
